The expression of human T-cell leukemia virus type 1 (HTLV-1) is activated by interaction of a viral transactivator protein, Tax, and cellular transcription factor, CREB (cyclic AMP response element binding protein), which bind to a 21-bp enhancer in the long terminal repeats (LTR). THP (Tax-helping protein) was previously determined to enhance the transactivation by Tax protein. Here we report novel forms of the human homolog of a member of the Gli oncogene family, Gli2 (also termed Gli2/THP), an extended form of a zinc finger protein, THP, which was described previously. Four possible isoforms (hGli2 ␣, ␤, ␥, and ␦) are formed by combinations of two independent alternative splicings, and all the isoforms could bind to a DNA motif, TRE2S, in the LTR. The longer isoforms, ␣ and ␤, were abundantly expressed in various cell lines including HTLV-1-infected T-cell lines. Fusion proteins of the hGli2 isoforms with the DNA-binding domain of Gal4 activated transcription when the reporter contained a Gal4-binding site and one copy of the 21-bp sequence, to which CREB binds. This activation was observed only in the presence of Tax. The 21-bp sequence in the reporter was also essential for the activation. These results suggest that simultaneous binding of hGli2 and CREB to the respective sites in the reporter seems to be critical for Tax protein to activate transcription. Consequently, it is probable that the LTR can be regulated by two independent signals through hGli2 and CREB, since the LTR contains the 21-bp and TRE2S sequences in the vicinity.
Human T-cell leukemia virus type 1 (HTLV-1) (11, 21, 31) is the etiologic agent of adult T-cell leukemia (11, 32) and HTLV-1-associated myelopathy/tropical spastic paraparesis (10, 20) . The expression of the HTLV-1 genome is strongly enhanced by its own product Tax through activation of transcription (2, 4, 6, 28) . Tax binds directly to unphosphorylated cyclic AMP response element binding protein (CREB) (29, 34, 35) or CREM (29) and also binds to another transcription factor, CREB binding protein (CBP), forming CREB-Tax-CBP (19) . In uninfected cells, the CREB-CBP complex is formed only when CBP is phosphorylated (3, 18) . The CREBTax-CBP complex binds to the 21-bp sequence, which is repeated three times in the long terminal repeat (LTR) (24, 25) and activates transcription without any external signals (19) . At least two copies of the 21-bp sequence are required for efficient activation by Tax; thus, transactivation of the LTR has been thought to be fully explained by the 21-bp sequence (7, 27) .
One copy of the 21-bp enhancer, on the other hand, has been found to be insufficient for efficient activation (8, 27) . However, we and others (1, 7) previously noted that some deletion mutants with mutations of the LTR that had only one copy of the 21-bp sequence were fully activated by Tax. These mutants had an additional DNA motif termed TRE2S adjacent to the 3Ј-proximal 21-bp sequence, and deletion of the sequence drastically diminished the activity in response to Tax activation (1, 30) . Therefore, it was suggested that TRE2S binding protein is involved in Tax-mediated activation of transcription. We previously identified the zinc finger proteins THP-1 and THP-2, which bind to the TRE2S sequence (30) .
The THP protein (30) has five zinc finger motifs at the N-terminal region, and the motifs are highly homologous to the Gli oncogene family, Gli1 and Gli3 (8, 22, 23) . However, other structural features including the size were rather different from those of the other Gli family proteins. Therefore, we tried to isolate other possible clones that encode TRE2S binding protein. We report here four novel isoforms of the cDNAs, which are formed by a combination of two independent splicings. These clones contain sequences identical to two partial exon sequences of human Gli2 (hGli2) (22) , but they show only 48 and 55% homology to hGli1 (16) and hGli3 (23) , respectively. Furthermore, the longest cDNA can encode a protein with 80% homology to the mouse Gli2 (mGli2) oncogene product (14) . Thus, we concluded that these isoforms are hGli2 isoforms, and we have called them hGli2 ␣, ␤, ␥, and ␦. These isoforms encode 133-, 131-, 88-, and 86-kDa proteins, respectively. They can bind to the TRE2S DNA sequence, and their Gal4 fusion proteins strongly activate Tax-dependent transcription when the reporter contains the Gal4 binding site and one copy of the 21-bp sequence. These observations suggest that simultaneous binding of hGli2 and CREB to the respective binding sites in the reporter enhances Tax-mediated transactivation.
MATERIALS AND METHODS
Cells, plasmids, and antibodies. An HTLV-1-infected T-cell line, Hut102, was maintained in RPMI 1640 with 10% fetal calf serum. Cells of the human embryonic kidney cell line, 293T, and the human amnion cell line, FL, and HeLa cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum.
A cDNA library of HTLV-1-infected Hut102 cells (33) , a cDNA clone of THP (30) , and the Tax expression vector pCG-Tax (9) was previously described. The entire coding sequence of each hGli2 isoform was inserted into pCG vector (30) under the control of the promoter of the cytomegalovirus early genes to construct pCG-hGli2 isoforms. Similarly, the same coding sequences were also inserted into the pCG-Gal4 cassette by using the sites for XbaI and BamHI or HindIII to express fusion proteins of hGli2 isoforms with the Gal4 DNA binding domain (positions 1 to 147).
Antiserum against Tax was raised against the C-terminal peptide as described previously (29) . Antibodies against hGli2 were raised by inoculating a bacterially produced fragment of hGli2␤ (amino acids 1 to 506), which was fused to a six-histidine track and purified with a nickel column as described elsewhere (12, 29) .
Isolation and sequencing of hGli2 cDNA clones. A gt11 cDNA library containing 2 ϫ 10 6 phages, which was prepared from Hut102 (33) , was screened with the coding sequence of THP-1 (30) as a probe. The cDNA inserts of positive clones were subcloned into Bluescript KS ϩ and sequenced by the dideoxy method (33) . By using the 3Ј fragment of the longest cDNA, the original library was further screened to isolate the cDNAs downstream of the mRNA. By overlapping these sequences, four possible full-sized cDNAs were constructed.
Reverse transcriptase PCR (RT-PCR) of cellular RNA. cDNA was synthesized from the total cytoplasmic RNA isolated from Hut102 cells. The specific sequence was amplified by 30 cycles of PCR at 72°C for 2 min, 98°C for 0.5 min, and 55°C for 1 min, and the primers were a (positions 130 to 154 [with the ATG as ϩ1]) and b (positions 284 to 308) to detect the first alternative splicing site and c (positions 2267 to 2291) and d (positions 3729 to 3753) to detect the second alternative splicing site. The products were analyzed by agarose gel electrophoresis.
Gel retardation assay. The reaction mixture was incubated for 20 min at 25°C and then subjected to electrophoresis in 4% nondenaturing polyacrylamide gel as previously described (30) . The 10-l mixture contained nuclear extract (5 g of protein), radiolabeled oligonucleotide probe (5 ϫ 10 4 cpm; 1 ng), poly(dI-dC) (2.5 g), 12 mM HEPES (pH 7.5), 0.6 mM EDTA, 0.6 mM dithiothreitol, 60 mM KCl, and 12% glycerol.
CAT assay. Expression vectors for hGli2 or the fusion protein of Gal4-hGli2 (0.025, 0.1, or 1 g) were cotransfected with either reporter plasmid, pTRE2S-21bp-CAT or pGal4-21bp-CAT, into FL cells by the calcium phosphate procedure (6) . The Tax expression vector pCG-Tax (0.05 g) was also included when specified. After culture for 40 h, the cells were harvested and subjected to a chloramphenicol acetyltransferase (CAT) assay as described previously (6) . Under the conditions used, the activity was linearly proportional to the incubation time and the protein concentration. The CAT activity was expressed as the percent acetylation of chloramphenicol per 100 g of protein in 30 min at 37°C or as the ratio to that with the reporter alone.
DNA affinity precipitation assay. Cells were harvested, lysed in lysis buffer containing Nonidet P-40, and centrifuged at 1,000 rpm for 10 min. The pellet was washed with lysis buffer twice and used as the nuclear fraction. The nuclear proteins were extracted with 0.4 M sodium chloride as described previously (17) . DNA probes with the TRE2S sequence were prepared by PCR with biotinylated primers. The nuclear extract and DNA probe were incubated at 25°C for 20 min, and DNA-protein complexes were isolated with strepavidin beads. The complexes were then directly analyzed by Western blotting (13, 29) with anti-Tax or anti-hGli2 antibodies.
Nucleotide sequence accession numbers. The accession numbers for the sequences of the four isoforms are AB007295, AB007296, AB007297, and AB007298.
RESULTS
Structure of cDNA isoforms of hGli2. Previously, we reported a THP protein that binds to a Tax-responsive element (TRE2S) in the LTR (30) . To isolate more cDNA clones related to THP, we further surveyed a cDNA library of Hut102 cells with THP-1 cDNA as a probe. The sequences of some positive clones, for example clones 2 and 3, revealed the presence of further extended sequence at the 3Ј end of the overlapping sequence with THP ( Fig. 1) . However, none of them had a poly(A) stretch reflecting the poly(A) sequence at the 3Ј end of the mRNA. To isolate clones with the sequence downstream, we used the 3Ј fragment of clone 3 as a probe and isolated clones 4, 5, and 6, two of which had an A stretch at the 3Ј end. By overlapping the sequences of these clones with the others, four possible cDNA isoforms were constructed. The clones thus constructed could be categorized into four subtypes (␣, ␤, ␥, and ␦), which were generated by combinations of two independent splicings (summarized in Fig. 1 ). The sequence of the longest isoform is shown in Fig. 2A .
The longest clone consists of 4,961 bp and encodes 1,258 amino acids. Alternative splicings were detected at two sites: a 51-base deletion at the 5Ј region of the coding frame in the ␤ and ␦ isoforms, and a 1,231-base deletion at the 3Ј region in the ␥ and ␦ isoforms (Fig. 1) . The sites for the first splicing correspond to the identical sequences of CAGG; therefore, the site of the splicing could not be assigned accurately. The termini of the sequence between the splicing sites do not contain any sequence to follow the GT/AG rule for the intron, suggesting that the sequence may be an alternative exon in the ␣ and ␥ forms (Fig. 3, top) . The sites for the second splicing also correspond to repeated sequences; however, the splicing sites can be predicted so that GT/AG can be allocated at the termini (Fig. 3, bottom) . Therefore, the sequence between the second splicing sites is probably an intron in the genome. By the second splicing, the reading frame is shifted into an alternative one, resulting in a different amino acid sequence in the C termini of the ␥ and ␦ isoforms. The altered amino acid sequence is shown in Fig. 2B .
The nucleotide sequences of these isoforms contained sequences identical to two genomic fragments of hGli2 (22) , indicating that these isoforms are the hGli2. On the other hand, the amino acid sequence encoded by the ␣ isoform is 80% homologous to mGli2 (14) . Furthermore, the nucleotide sequence of the zinc finger motifs was identical to that of mGli2 except for 1 of 159 bases (14) . The amino acid sequence of the ␣ form, on the other hand, showed 48 and 55% homology to hGli1 (16) and hGli3 (23) , respectively, although the nucleotide sequence of the zinc fingers showed 86 and 93% homology to hGli1 and hGli3, respectively (16, 23) (Fig. 3) . Therefore, it was concluded that these novel isoforms correspond to hGli2.
Comparison of these novel forms of hGli2 and mGli2 indicates that mGli2, previously published by Hughs et al. (14) , might correspond to a ␤ form of mGli2 (Fig. 3) . On the other hand, the 5Ј half of hGli2 was identical to the previously described THP (30) , except for two deletions at position 1277 and 1294. Careful analysis of the sequence of THP clones showed that the clone originally sequenced had deletions at two sites described above; thus, the sequence previously described (30) was an artifact at these two sites. The corrected sequence allowed extension of the translation further downstream. The Gli oncogene family was originally identified as an oncogene amplified in human glioblastoma cells (16) as a transcription factor that binds to DNA through zinc finger motifs (14, 15) . DNA binding of hGli2 isoforms. To confirm the DNA binding activity of hGli2, expression vectors for ␣ and ␥ isoforms were transfected into 293T cells and the nuclear extracts were examined by a DNA affinity precipitation assay. In a parallel experiment, a nuclear extract of Hut102 cells was similarly assayed to determine which isoform is the major species in DNA binding in HTLV-1-infected T cells. The double-stranded DNA probe for these assays was TRE2S containing biotinylated nucleotides at both 5Ј termini. Each nuclear extract was incubated with the DNA probe, and the DNA-protein complexes were isolated with streptavidin beads. The isolated complexes were analyzed by Western blotting with antibodies against hGli2 (Fig. 4) . Both hGli2␣ and hGli2␥ were shown to bind to TRE2S DNA (lanes 2 and 3) but not to a mutant probe (lanes 5 and 6), clearly demonstrating that the hGli2 isoforms are proteins that bind to a specific DNA sequence. A fastermigrating band detected in lane 3 might be a degraded fragment of hGli2␥ containing the zinc finger motifs, which is thought to be the DNA binding domain of hGli2.
In these assays, we included a Tax expression plasmid, pCGTax, to examine whether Tax protein can bind to the hGli2-TRE2S complex. However, we could not see a significant binding of Tax to the hGli2-TRE2S complex, although we detected a very weak binding only when a large excess of pCG-Tax was used (data not shown). Therefore, Tax does not bind effectively to hGli2 protein on the TRE2S DNA sequence.
A similar assay with a nuclear extract of HTLV-1-infected Hut102 cells gave a single band migrating with the same mobility as hGli2 isoform ␣ (Fig. 4, lane 1) . Therefore, it is concluded that the endogenous Gli2 ␣ and ␤ isoforms are the major components of hGli2 to bind to TRE2S in vivo.
Expression of hGli2 isoforms in cell lines. The sequences of the hGli2 isoforms predicted the sizes of mRNA as 5.1 kb for the ␣ and ␤ isoforms and 3.9 kb for the ␥ and ␦ isoforms, including poly(A). To examine which species are expressed in cell lines, Northern blot analysis was carried out. As shown in Fig. 5A , a major band of 5.1 kb was detected in Hut102 cells, a T-cell line infected with HTLV-1 (lane 1), FL cells, a human amnion cell line (lane 2), and HeLa cells, a human epithelial cell line (lane 3). A faint band just below the major band was also detected in all the cell lines (Fig. 5A ). These observations may indicate that hGli2 ␣ and/or ␤ was the major species expressed in various types of cell lines and that the ␥ and/or ␦ isoforms were minor.
To distinguish the ␣ and ␤ or the ␥ and ␦ isoforms, we carried out reverse RT-PCR. RNA isolated from Hut102, an HTLV-1-infected T-cell line, was converted into cDNA with RT and the cDNA was amplified with primers a and b or c and d as indicated in Fig. 1 and 2 . The sequence amplified with primers a and b encompasses the first splicing site, and the ␣ and ␥ and the ␤ and ␦ isoforms would produce 179-and 128-bp DNA fragments, respectively. These fragments, amplified with primers c and d, encompass the second splicing site, and the ␣ and ␤ and the ␥ and ␦ isoforms would produce 1,487-and 256-bp DNA fragments, respectively (Fig. 1) . The results shown in Fig. 5B demonstrate that primers a and b gave two bands expected from the ␣ and ␤ isoforms with almost equal intensity (lane 1), clearly indicating an equal expression of the ␣ and ␥ and the ␤ and ␦ isoforms. On the other hand, primers c and d gave a very dominant band of 1,487-bp DNA (lane 4) but extremely low levels of the 256-bp DNA band, demonstrating that the vast majority of hGli2 mRNA expressed in Hut102 cells is made up of ␣ and ␤ isoforms and that there is only a very minor fraction of ␥ and ␦ isoforms. A similar assay was also performed with RNA from another HTLV-1-infected cell line, MT2, and almost identical results were obtained (data not shown), suggesting that a dominant expression of the ␣ and ␤ isoforms of hGli2 might be a general feature in HTLV-1-infected T-cell lines.
The expression of hGli2 isoform in Hut102 cells was also confirmed at the protein level (Fig. 5C ). Western blot analysis detected a major band with a molecular mass of 155 kDa with antibodies against the N-terminal region (amino acids 1 to 506), but not with a preimmune serum (Fig. 5C, lanes 1 and 2) . The size of the band was similar to that of the ␣ isoform (lane 5). When the nuclear and cytoplasmic fractions were separated by brief centrifugation, the band was detected only in the pellet defined as a nuclear fraction (lanes 3 and 4) . In the pellet, severe contamination of undisrupted cells was excluded by microscopic examination. Therefore, the ␣ and ␤ isoforms of hGli2 are expressed almost exclusively in the nucleus.
Enhancement of Tax-dependent transactivation by hGli2. The TRE2S sequence was identified in the LTR as a cis element to enhance Tax-dependent transactivation (30) . To ex- (14), respectively, and * indicates identical nucleotides. The sequence between the arrows in the top panel was deleted in the hGli2 ␤ and ␥ isoforms, and that in the lower panel was deleted in the hGli2 ␥ and ␦ isoforms. amine whether the TRE2S binding protein hGli2 is able to enhance Tax-dependent transactivation, the expression vector for hGli2 ␣ and a reporter plasmid were transfected into FL cells in the presence or absence of the Tax-expressing vector. We used FL cells for these assays simply because these cells took up DNA efficiently in our transfection assay. The reporter gene CAT was under the control of one copy each of TRE2S and the 21-bp sequence. However, the reporter plasmid alone was almost fully activated by Tax as previously described (30) . Overexpression of hGli2 ␣ by exogenous plasmid induced significant suppression of CAT expression (Table 1) .
To avoid the effects of endogenous Gli2 ␣ and ␤, we used a fusion protein of hGli2 ␣ with the DNA binding domain of Gal4 protein (Table 1 ). The reporter CAT construct contained five copies of the Gal4 binding site instead of TRE2S and one copy of the 21-bp sequence. In the presence of Tax, the Gal4-hGli2 ␣ fusion protein activated CAT expression very efficiently; however, in the absence of Tax, it did not affect CAT expression significantly (Table 1) . Tax alone induced a six-to eightfold enhancement of CAT expression but was not sufficient for full activation. Furthermore, the activation by Gal4-hGli2 ␣ was dose dependent, as shown in Fig. 6 . When a reporter did not contain the Gal4-binding site, no such activation was observed (Table 1) . From these observations, it was concluded that DNA binding of the hGli2 ␣ fusion protein through the Gal4 binding site enhanced Tax-dependent transactivation. All the other isoforms of hGli2 also showed similar enhancement of Tax-dependent activation (Table 1) .
DISCUSSION
In this study, we identified four novel isoforms of hGli2 ␣, ␤, ␥, and ␦, that bind to a Tax response element, TRE2S, in the LTR of HTLV-1. The novel isoforms had the same sequence at the 5Ј region as THP previously described (30), except for two deletions, which allowed further extension of the translation. Careful reexamination indicated that the sequence of the previous THP was a cloning artifact. hGli2 ␣ showed 80% homology of amino acid sequence to mGli2 (14) . The isoforms were formed by combinations of two independent alternative splicings in the coding sequence, and the larger isoforms, ␣ and ␤, were abundantly expressed in HTLV-1-infected T-cell lines and also in other cell lines so far tested. All these isoforms were found to bind to TRE2S with conservation of the zinc finger motifs. Comparing the sequence of mGli2 reported by Hughes et al. (14) with the isoforms of hGli2 described in this paper, mGli2 appeared to correspond to the ␤ form. It underwent splicing at the first site but not at the second site, although the site showed very high homology, as shown in Fig. 3 .
Fusion proteins of hGli2 with the DNA binding domain of Gal4 enhanced the Tax-dependent activation of gene expression when the reporter contained the Gal4 binding site and the 21-bp sequence. From these observations, we concluded that binding of hGli2 to the TRE2S sequence enhanced Tax-dependent transactivation of transcription. However, the free form of hGli2 did not enhance but, instead, rather efficiently inhibited Tax-dependent transcription, probably because the endogenous Gli2 gene is abundantly expressed in the cell line used and the expression of the reporter gene had been activated by Tax alone at the maximum level. The mechanism of this inhibition is not well understood, but two possibilities can be assumed: (i) overexpressed hGli2 is squelching Tax-mediated transactivation, or (ii) it should be modified to be active, but, it might not be sufficiently modified in transfected cells.
A unique property of the enhancement was that binding of FIG. 4 . Binding of the hGli2 isoforms to the TRE2S DNA sequence and of the endogenous proteins in HTLV-1-infected cells. Expression vectors, pCGhGli2 ␣ (lanes 2 and 5) and ␥ (lanes 3 and 6), were separately transfected into 293T cells, and the nuclear extracts were incubated with TRE2S DNA (lanes 1 to 3) or TRE2M, an inactive mutant (lanes 4 to 6), which were labeled with biotin. The DNA-protein complexes were isolated with avidin beads and analyzed by Western blotting with antiserum against hGli2. A nuclear extract from Hut102 cells, an HTLV-1-infected T-cell line, was also analyzed similarly ( lanes  1 and 4) . TRE2S, CCGGGAAGCCACCGGGAACCACCCA; TRE2M, CCGG GAAGCCACCGGGAACAAATTA. Fig. 1 and 2) . As the standards, hGli2 ␣ (lanes 2 and 5), ␤ (lane 3) and ␥ (lane 6) were also amplified with the same primers. Fragments of 179 and 128 bp are from RNA without and with splicing at the first site, respectively, and fragments of 1,487 and 256 bp are those from RNA without and with splicing at the second site, respectively. (C) Identification of protein isoforms of hGli2 in Hut102 cells by Western blot analysis. Lanes: 1 and 2, whole-cell extract; 3, nuclear fraction; 4, cytoplasmic fraction; 5, hGli2 ␣; 6, hGli2 ␥. Antiserum against hGli2 was used for lanes 1 and 3 to 6, and preimmune serum was used for lane 2. hGli2 alone to TRE2S had almost no effect on transcription. Two additional factors were required for the enhancement; these were the 21-bp sequence as a cis element and Tax protein as a trans-acting factor. These requirements for transcriptional activation suggest that hGli2 might function through a unique mechanism, although the mechanism is not well understood. A possible mechanism, however, could be as follows: hGli2 and CREB bind to each cis element in the vicinity and interact with each other on the DNA. Such an interaction could be enhanced by the Tax protein, since Tax binds to CREB to activate the enhancer activity of the 21-bp repeats (29, 35) . A putative interaction of hGli2 and CREB might be supported by the previous observations on YY1, a human Gli-Kruppel-related protein (26) . YY1 interacts with CREB/ATF and exerts repression of specific transcription (36) . Furthermore, the repression exerted by YY1 is relieved by adenovirus E1A (26) . Another factor, UCRBP, a zinc finger protein of the Gli family, bound to the upstream conserved region of the murine leukemia virus LTR and down-regulated the MuLV promoter activity (5). These observations on other factors related to Gli proteins allow speculation that hGli2 is a transcriptional repressor and that HTLV-1 Tax can prevent the repression. However, this mechanism seems unlikely, because hGli2 did not show any inhibitory activity on transcription in the absence of Tax.
Whatever the mechanism, the presence of the TRE2S sequence adjacent to the 3Ј proximal 21-bp sequence in the LTR (1, 30) and our observations reported in this paper suggest that the binding of hGli2 and CREB to TRE2S and 21-bp sequences, respectively, in the LTR would be an alternative pathway to augment the capacity of Tax to transactivate viral gene expression. a Each expression vector, pCG-hGli2 isoform (0.1 g) or pCG-Gal4-hGli2 isoform (0.05 g), was transfected into FL cells together with the respective reporter plasmid (0.05 g) with or without pCG-Tax (0.1 g), and CAT activity was assayed on day 2.
b CAT activity is expressed as percent acetylation of chloramphenicol per 100 g of protein in 30 min at 37°C. Bold type indicates significantly activated values by Tax.
